A model is presented which enables gas exchange data to be used to partition the intracellular resistance to leaf photosynthesis into carboxylation and transport components. A basic assumption is that the over-all kinetics of the carboxylation reaction fit the Michaelis-Menten equation.
The model was tested for cotton (Gossypium hirsutum L., var. Deltapine Smoothleaf), where photorespiration was suppressed by using gas mixtures containing less than 1.5% oxygen. It was concluded that the transport resistance formed the major component of the intracellular resistance for the plants studied. However, in some cases the major intracellular factor limiting photosynthesis, at an ambient CO2 concentration of 600 ng cm-', was the carboxylation system, which was close to saturation.
In recent years the use of resistance analogues to describe leaf photosynthesis has led to important advances in the definition and evaluation of rate-limiting processes (e.g., 4, 7, 11). In particular it has permitted the role of stomata, in limiting CO2 entry to the leaf, to be clearly identified. This has meant that it is now possible to determine the degree to which any factor which causes a change in photosynthesis acts on the stomata, altering the CO2 supply, as distinct from the degree to which it affects processes within the mesophyll cells themselves.
The usual method for making this separation is based on the equation Ca -Cu Cun (1) rg + ri r, ri where P is the rate of photosynthesis, ca and c,. are the CO2 concentrations in the ambient air and at the mesophyll cell wall, respectively, and rg and ri are the total "resistances" to CO2 uptake in the gas phase and in the liquid phase, respectively. The gas phase resistance includes both the boundary layer and stomatal components, whereas the liquid phase or intracellular resistance includes components associated both with transfer of CO2 within the cells and with the carboxylation reactions. The intracellular resistance is only meaningful under those conditions where photosynthesis is proportional to the CO2 concentration at the cell wall. Details of the experiments necessary to evaluate rg and ri can be found elsewhere (12, 18, 20) . (2) where ci is the CO2 concentration at the carboxylation site. A discussion of the validity and application of equations 1 and 2 may be found in Jarvis (11) .
Chartier (4) attempted to separate the diffusion and carboxylation components of ri by a mathematical analysis of experimental gas exchange data. He derived an equation giving the dependence of photosynthetic rate on Ca and the incident photosynthetically active radiation. The model was based on Rabinowitch's model (16) for the carboxylation mechanism, and Gaastra's application of resistance analogues to the uptake of CO2 (7) . It has subsequently been refined to include the effects of photorespiration (5, 6) . This model generally ascribes a major portion of ri to the diffusion component, at least for Calvin-cycle plants (6, 14) . However, the apparent diffusion resistance would be better called a transport resistance, since it is probably a function of one or more enzyme catalyzed steps (9, 11) . Also, the partitioning of ri on the basis of this model may be inaccurate since it is assumed that, for the range of conditions used, photosynthesis is linearly dependent on the light intensity at all CO2 concentrations, and that simultaneously it is linearly dependent on the CO2 concentration at all light intensities. This may be a serious oversimplification. Jarvis (11) and Raven (17) have reviewed this and a variety of other methods which have been used for the separation of rt and re.
In this paper we present an alternative model for partitioning ri, using data from curves relating net photosynthesis to CO2 concentration at the cell wall. The model enables partitioning of ri into transport and carboxylation components, and it may be extended to allow a description of the photosynthetic limitation, which is valid at any CO2 concentration.
THEORY
In the steady state, under conditions of CO2 limitation, equation 2 gives the relative magnitude of intracellular transport and carboxylation resistances to photosynthesis as the ratio of (cu. -ci) to ci.. In Figure 1 , the over-all photosynthetic response curve P = f(cu.) represents the sum of the transport limited curve P = f(c,. -ci) and the carboxylation limited curve P = f(ci).
By making assumptions as to these relationships one can deduce the component curves from an experimental curve relating net photosynthesis to c, .
One major assumption we have made is that the over-all kinetics of the carboxylation system fit the Michaelis-Menten equa- (10) It is only necessary to know two of ri, re, and rt , since ri is the sum of the other two resistances.
The relative errors in estimation of re and rt resulting from measurement errors in the parameters required for their calculation, are given by the following equations with respect to CO2 as substrate. Another assumption is that the leaf may be regarded as a simple linear system, where the transport resistance is independent of the CO2 concentration. As a further simplification we shall treat the case where photorespiration is not detectable, and the compensation point is zero. Making these assumptions, rt and re may be derived from the experimentally obtained parameters Pm (the maximum photosynthetic rate at CO2 and light saturation), KmaPP (the value of c,, which gives half the maximum photosynthetic rate) and ri (the reciprocal of the initial slope of a curve relating net photosynthesis to cu.) .
Assuming that the over-all kinetics of the carboxylation system, are Michaelis-Menten, the photosynthetic rate is given by p PmLCi (3) k'+ ci (4) rt where rt is defined as the transport resistance in the liquid phase between the cell wall and the carboxylation site. Eliminating ci from equations 3 and 4 and rearranging gives -P'r, + P(k' + P.rt)
The experimental parameter KmaPP may be expressed in terms of equation 5 by substituting c_ = KmaPP and P = Pm/2 in equation 5 and rearranging
The ri may be expressed in terms of the same parameters, since a corollary of equation 2 is that re may be defined as the reciprocal of the initial slope of a curve relating P to ci. Therefore, from equation 3 C. (P-P) = -rtP (P.rt kV) P (13) Therefore, if the proposed model fits the experimental data, a plot of c,W (Pm -P) P against P should be a straight line of slope -rt and intercept (Pmrt + k') as shown in Figure 2 . Hence, rt may be obtained from the slope, and k' and re may then be calculated from the intercept on the c, (Pm -P) 1P axis. Not only is this a good method for estimating the component resistances, but also it provides a good test of the model.
From these estimates of the photosynthetic limitation by transport and carboxylation processes at limiting cu , it is possible to determine their relative importance at all values of cw . As was suggested above, this ratio could be given as the ratio of the concentration drops across the two components, that is (c,, -ci) /ci However, for measurements off the initial linear portion of the P/c,,, curve, such an approach is not very useful. A more general description of the relative limitation by the two processes is given by the ratio of the change in (cw -c,) to the change in ci for any given small change in c,, or P. This ratio can be obtained from equations 4 and 7 d(c, -c%) rt (Pm -P)2 (14) d
(8) (9) PARTITIONING INTRACELLULAR RESISTANCES 
RESULTS
The results of several experiments are given in Figure 3 and in Table I . The stomatal resistances of plants comparable to those used in the experiments were between 1.5 sec cm-l and 2.5 sec cm-' over the range of light intensities used with a CO2 concentration of 600 ng cm-3 in the external air. Figure 3 gives an indication of how well the plots of (c. -r) (Pm -P) /P against P fit straight lines. The 95% confidence limits for the slopes of the regression lines are given in Table I , and in all cases except for one they are within 10 give a straight line of slope (-rt) and intercept (Pmrt + k').
saturation of the photosynthetic rate, was in all cases between 650 ng cm-3 and 850 ng cm-3. Therefore, photosynthetic measurements in nitrogen at ambient CO2 concentration (600 ng cm-3) would fall on the linear portion of a P/c,, curve, even with open stomata. For the 1971 experiments, however, the value of cw which gave 95%,-saturation of the photosynthetic rate was between 290 ng cm-3 and 400 ng cm-3, and similar photosynthetic measurements made with open stomata at 600 ng cm-3 CO2 would be off the CO2-limited portion of the P/cm curve. Table I gives the estimated value of k' and the ratio of rt/re for each experiment. However, a problem with the model, as applied to the present data, is that there is considerable uncertainty in estimates of k' and hence re . This leads to wide confidence limits for the ratio rt/re, though in most cases this ratio was greater than 10. However, the linear form of the experimental plot of (c, -r) (Pm -P)/P against P (see Table I and also Fig. 3 ), provides substantial though indirect justification for their use. It has often been assumed that the carboxylation step obeys Michaelis-Menten kinetics (4, 13, 16) , at least for the purposes of photosynthetic models. A feature of the experimental curves is the rapid saturation of the photosynthetic rate as c,, is increased (Fig. 3) . This behavior is difficult to explain on mechanistic models (16 by CO2 (substrate inhibition). Such a mechanism would produce an approximately linear plot of C, (Pm-P),/P against P, which would only deviate from linearity at high photosynthetic rates. Though isolated ribulose diphosphate carboxylase appears to be inhibited by very high substrate concentrations (1), there is no good evidence for a corresponding photosynthetic decline in the intact system. In the present experiments there was no significant decrease in P up to a cu. of 1200 ng cm-3, nor was there any obvious deviation from linearity in the transformed plots at high photosynthetic rates. Of the available models, the present one, in which the rapid saturation is due to the super-imposition of a transport limitation on a rectangular hyperbolic model for the carboxylation step, gives the best fit to the experimental data.
The assumption that the transport resistance is independent of cu,., which implies that the CO2 uptake system has the characteristics of a plane sink separated from the cell wall by a constant diffusion resistance, though clearly a simplification, is probably justified in terms of the accuracy of the present model. Nonhomogeneous distribution of light through the mesophyll is not a problem, since the model is only used at saturating light intensities. Our transport resistance includes all of ri not in the carboxylation resistance, and thus may include diffusion, active transport, and enzymic components. An important restriction to the model, particularly in terms of its experimental application, is that the model does not allow for photorespiration. For plants with the C-4 dicarboxylic acid pathway of photosynthesis, which do not exhibit photorespiration (10), this is not a problem, but in plants with C-3 photosynthesis, meaningful data may only be obtained if photorespiration is suppressed by the use of less than 1.5%c oxygen in the experimental gas mixtures (2, 19) . In the present experiments, even under zero oxygen there was sometimes a small positive compensation point. This was attributed to a residual dark respiration component. The correction employed here to allow for this residual respiration is approximate and is only useful if the rate of respiration, R (as estimated by extrapolation of the P,,'c,,. curve to c,, = 0) is a small fraction of Pm . Under these conditions the results presented are not significantly different from those obtained using models where the respiratory flux is assumed either to go direct to the photosynthetic site (achieved by adding R to P and Pm in equation 3), or to be released into the intercellular spaces (in which case R is added to P and Pm in both equation 3 C02-limited and thus P might be expected to be more directly related to ri than to Pm . In spite of these differences, all these papers demonstrated a correlation between Pamb and the activity of the extracted carboxylation enzymes. In addition, J. Downton and R. 0. Slatyer (unpublished data) have shown good correlations between ri, Pm and carboxylase activity for cotton grown at various temperatures. On the basis of the present model, Pm might be expected to depend entirely on the carboxylation enzymes, while the over-all ri would be dependent mainly on the transport resistance. However, the evidence quoted above indicates that ri may often be correlated both with Pm and with the activity of the carboxylation enzymes. This could be interpreted in terms of a factor common to both transport and carboxylation steps, or else that the activities of both systems are regulated together, even under a wide variety of conditions. The more attractive hypothesis is that a common factor may be involved. Such a role has been proposed for the enzyme carbonic anhydrase (8, 9 ).
In conclusion, the model provides a valuable method for obtaining information concerning the rate-limiting processes of photosynthesis. It could also be used as a tool for studying intracellular lesions in the photosynthetic apparatus under various conditions.
